We examined the anaerobic degradation of phenol and the ortho, meta, and para isomers of chlorophenol, methoxyphenol, methylphenol (cresol), and nitrophenol in anaerobic sewage sludge diluted to 10% in a mineral salts medium. Of the 12 monosubstituted phenols studied, only p-chlorophenol and o-cresol were not significantly degraded during an 8-week incubation period. The phenol compounds degraded and the time required for complete substrate disappearance (in weeks) were: phenol (2), o-chlorophenol (3), m-chlorophenol (7), o-methoxyphenol (2), m-and p-methoxyphenol (1), m-cresol (7), p-cresol (3), and o-, m-, and p-nitrophenol (1). Complete mineralization of phenol, o-chlorophenol, mcresol, p-cresol, o-nitrophenol, p-nitrophenol, and o-, m-, and p-methoxyphenol was observed. In general, the presence of Cl and NO2 groups on phenols inhibited methane production. Elimination or transformation of these substituents was accompanied by increased methane production. o-Chlorophenol was metabolized to phenol, which indicated that dechlorination was the initial degradation step. The methoxyphenols were transformed to the corresponding dihydroxybenzene compounds, which were subsequently mineralized.
The fate of organic priority pollutants present in wastewater treatment plants as a result of industrial and residential contributions is largely unknown. Most organic compounds have limited water solubilities and are strongly sorbed by organic surfaces. Sewage sludge is comprised largely of particulate organic matter, and it seems reasonable to expect that this is where a significant portion of the organic pollutants present in wastewater treatment plants will reside. Since anaerobic digestion of sewage sludge is a common treatment method, an understanding of the potential for anaerobic biodegradation of organic pollutant compounds during sludge digestion is of great importance. This is true both from the standpoint of establishing reasonable guidelines for acceptable industrial discharges into wastewater treatment plants and for developing safe and economical methods of sludge management, such as land application.
Relatively little is known about the anaerobic degradation of most synthetic organic compounds. The aromatic compounds which have been shown to be degraded in anaerobic environments include phenol and benzoate (9) , several simple lignin derivatives (4, 10) , phenylalkane carboxylic acids (5) , aromatic amino acids (5) , cresol (3, 11) ted for publication), pentachlorophenol (12) , and chlorobenzoate (14) . The research reported here describes a systematic study on the anaerobic degradation of 12 monosubstituted phenols. The compounds examined included the cresols and methoxyphenols, which were expected to be degraded based on earlier work, and the nitrophenols and chlorophenols, which have not been studied.
Phenol is one of the most widely used organic compounds in existence. Annual production of phenol is approximately 1.25 billion kg (8) . Phenol is the basic structural unit for a variety of synthetic organic compounds, including many agricultural chemicals. Phenol and substituted phenols are common transformation products of several pesticides. Many substituted phenols, including chlorophenols, nitrophenols, and cresols, have been designated as priority pollutants by the U.S. Environmental Protection Agency. As a group of compounds, phenols are highly toxic. Although insufficient information exists on the carcinogenicity of most phenols, 2,4,6-trichlorophenol has been shown to be an animal carcinogen based on mutagenicity screening tests (13) .
There is a paucity of information on the persistence of substituted phenols in anaerobic en The present study focused on examining the fate of phenol and the ortho, meta, and para isomers of chlorophenol, cresol, nitrophenol, and methoxyphenol in 10% anaerobic sewage sludge. Rates of degradation, mineralization, inhibition of methanogenesis, and intermediates in the degradative pathways were investigated during an 8-week incubation.
MATERIALS AND METHODS
Municipal sewage sludge from Jackson, Mich., was collected fresh from primary anaerobic digesters in 1-to 2-liter jars, tightly capped, and stored at 4°C until use. One to two liters of mineral salts medium consisting of (per liter) 0.27 g of KH2PO4, 0.35 g of K2HPO4, 0.53 g of NH4Cl, 0.10 g of MgCl2 * 6H20, 73 mg of CaCl2 * 2H20, 20 mg of FeCI2 * 4H20, and 1 ml of trace metals solution was autoclaved for 5 to 10 min to remove 02 and then cooled to approximately 35°C while being sparged with a 10% C02-90% N2 gas mixture which had been passed through copper filings at 300°C to remove traces of 02. After cooling, 1.2 g of NaHCO3 was added to the medium. A 10% sludge inoculum was prepared by adding sludge, filtered through one layer of cheesecloth, to the cooled medium, while vigorously stirring. The diluted sludge was continuously sparged with 10% C02-90% N2 while being mixed and dispensed (100 ml) into 160-ml serum bottles. The phenols were injected directly (neat) into the serum bottles, with the exception of the nitrophenols, which were added as aqueous solutions, to give a final concentration of 50 jig/ml. Serum bottles were sealed with 1-cm-thick butyl rubber stoppers and capped with aluminum crimp seals. All substrates were tested in triplicate. Unamended bottles were prepared in the same manner. Separate bottles were autoclaved for 30 min to serve as sterile controls. All bottles were incubated stationary at 35°C for 8 weeks.
Methane production in the sample bottles was determined by injecting 0.2 ml of headspace gas into a Carle 8500 gas chromatograph equipped with a microthermistor detector and a 1-m Porapak QS column at ambient temperature. Carrier gas was He with a flow rate of 30 ml/min. Net methane production was calculated by subtracting methane production in unamended bottles from test bottles. Net methane production was compared to theoretical CH4 production based on the stoichiometry of complete mineralization.
[U-ring-14C]p-nitrophenol was purchased from Pathfinder Laboratories (St. Louis, Mo.). Serum bottles were prepared as previously described, except that each test bottle received 13.2 ,uCi of labeled pnitrophenol in addition to 50 ,ug of unlabeled p-nitrophenol per ml. Samples of headspace gas (0.2 ml) were injected weekly into a Carle GC with microthermister detector connected to a gas proportional counter to monitor for radioactive methane and carbon dioxide.
At the end of the incubation, 1'CO2 was determined by acidifying the serum bottles with concentrated HCl, injecting 0.2 ml of headspace gas into a trapping solution (aqueous cocktail-methanol-phenylamine [10:3:3]), and counting the solution with a Beckman 8100 liquid scintillation counter.
Sludge samples (2 ml) were withdrawn at weekly intervals and frozen. At disappearance had occurred. Both m-chlorophenol and m-cresol needed 7 weeks for complete disappearance, whereas the remaining eight monosubstituted phenols and phenol disappeared during the first 3 weeks of incubation.
The concentration of all compounds tested did not change in the sterile controls. There was no obvious relationship between substituent position and susceptibility to anaerobic biodegradation. It has been suggested that meta isomers of substituted benzenes are most resistant to aerobic metabolism by soil microorganisms (1). Recent research on the anaerobic metabolism of chlorinated benzoates has shown that only the m-chlorobenzoates are subject to dechlorination and subsequent mineralization (14) . For the substituted phenols examined in the present study, it appeared that the relative susceptibility to anaerobic metabolism of the ortho, meta, and para isomers was determined by the individual substituents.
Complete mineralization of the phenols in 10% sludge was monitored by measuring net CH4 production as compared to unamended controls (Fig. 1) . This measurement was not appropriate in undiluted sludge due to high background CH4 production. Net CH4 production was >90% of theoretical for the following compounds: o-chlorophenol, m-cresol, p-cresol, onitrophenol, and the o-, m-, and p-methoxyphenols. para-Chlorophenol and o-cresol, which were not degraded, gave net negative CH4 production. meta-Nitrophenol and p-nitrophenol completely disappeared but did not yield the expected theoretical CH4 recovery. meta-Chlorophenol was initially inhibitory to CH4 production; however, an increase in CH4 was observed from weeks 5 through 8, possibly as a result of detoxification and subsequent mineralization. Similar results were observed for m-and pnitrophenol. para-Nitrophenol was especially inhibitory in the initial weeks. Inhibition of CH4 production was only temporary, presumably due to reduction of the -NO2 group to the less toxic -NH2 group. Similar results have been reported for the effects of nitrobenzene, o-and p-nitro- phenol, and p-nitrobenzoic acid (7) on gas production by anaerobic microorganisms. 2,4-Dichlorophenol has also been shown to inhibit gas production (L. D. Johnson, and J. C. Young, Proc. Res. Symp., 54th Annu. Water Pollut. Control Fed. Conf., Detroit, Mich., Oct. 4-9, 1981 ). Our results were consistent with the general observation that the Cl and NO2 groups of aromatic compounds inhibit gas production in anaerobic environments. However, elimination or transformation of these substituents was accompanied by increased gas production.
Mineralization of m-and p-nitrophenol could not be ascertained due to their strong inhibition of CH4 production. [4] [5] [6] [7] [8] [9] 1981) . The observation that large increases in net CH4 production (weeks 3 through 6) occurred before the appearance of significant quantities of 14CH4 (Fig. 2) was consistent with this sequence.
Intermediate products in the degradative pathways of several substituted phenols were detected during high-performance liquid chromatography analysis of substrate disappearance. Dechlorination of o-chlorophenol gave phenol as the initial transformation product. Phenol was initially identified by comparing high-performance liquid chromatography retention times of this intermediate to a known standard. Mass spectral data confirmed that the intermediate was phenol (Fig. 3) . Dechlorination has been shown to be the initial step in the reductive metabolism of several m-chlorobenzoates; however, o-and p-chlorobenzoates were not dechlorinated or mineralized (14) . curve showing disappearance of substrate, appearance of phenol, and production of CH4 summarizes the fate of o-chlorophenol during the 4-week incubation in 10% anaerobic sewage sludge (Fig. 4) .
The methoxyphenols were transformed to the corresponding dihydroxybenzene compounds. Thus, 1,2-dihydroxybenzene (catechol) was observed as the initial transformation product from o-methoxyphenol and likewise 1,3-dihydroxybenzene (resorcinol) from m-methoxyphenol. Although (14) , are concerned with elimination of substituents other than -OH and -COOH from the aromatic ring. The products of these xenobiotics are metabolites of natural products and should feed into the pathways of aromatic carboxylic acid or phenol metabolism.
In summary, 11 of 12 monosubstituted phenols examined were degraded in anaerobic digester sludge. A result of particular significance was the reductive dechlorination of o-chlorophenol to phenol. We also report the complete mineralization of aminophenol (from nitrophenol), which has not previously been observed. The methoxyphenols and cresols were degraded anaerobically, consistent with earlier work on these and similar compounds.
